Recombinant adeno-associated virus (rAAV) vectors are promising vehicles for achieving stable liver transduction in vivo. However, the mechanisms of liver transduction are not fully understood, and furthermore, the relationships between rAAV dose and levels of transgene expression, total number of hepatocytes transduced, and proportion of integrated vector genomes have not been well established. To begin to elucidate the liver transduction dose response with rAAV vectors, we injected mice with two different human factor IX or Escherichia coli lacZ-expressing AAV serotype 2-based vectors at doses ranging between 4.0 ؋ 10 8 and 1.1 ؋ 10 13 vector genomes (vg)/mouse, in three-to sixfold increments. A 2-log-range linear dose-response curve of transgene expression was obtained from 3.7 ؋ 10 9 to 3.0 ؋ 10 11 vg/mouse. Vector doses above 3.0 ؋ 10 11 vg/mouse resulted in disproportionately smaller increases in both the number of transduced hepatocytes and levels of transgene expression, followed by saturation at doses above 1.8 ؋ 10 12 vg/mouse. In contrast, a linear increase in the number of vector genomes per hepatocyte was observed up to 1.8 ؋ 10 12 vg/mouse concomitantly with enhanced vector genome concatemerization, while the proportion of integrated vector genomes was independent of the vector dose. Thus, the mechanisms that restrict a wide-range linear dose response at high doses likely involve decreased functionality of vector genomes and restriction of transduction to fewer than 10% of total hepatocytes. Such information may be useful to determine appropriate vector doses for in vivo administration and provides further insights into the mechanisms of rAAV transduction in the liver.
Adeno-associated virus (AAV) is a small, nonpathogenic replication-defective human parvovirus with a single-stranded (ss) DNA genome of approximately 4.7 kb. Recombinant viruses based on AAV serotype 2 are promising gene therapy vectors that deliver genes of interest into a variety of somatic tissues at therapeutic levels by direct administration into experimental animals. Recombinant AAV (rAAV) vectors are currently in use in several clinical trials of gene transfer for the treatment of cystic fibrosis, hemophilia B, and limb girdle muscular dystrophy (1, 13, 16, 32) and have been shown to be safe in preliminary trial reports (1, 2, 13, 16, 32) .
Intraportal or intravenous injection of rAAV vectors into experimental animals results in stable transduction of hepatocytes with therapeutic levels of transgene expression in the circulation and/or the target tissue (3, 4, 8, 14, 16, 22, 29-31, 33, 34) . Some of the mechanisms underlying stable hepatocyte transduction with rAAV have been elucidated, and these include the following: (i) rAAV vector genomes are found in most hepatocyte nuclei within 24 h after vector infusion, but only a small subset of these hepatocytes establish stable transduction (19) ; (ii) transduced hepatocytes represent a subset of cells, perhaps with a specific metabolic state (19) ; (iii) during the first 6 weeks after vector administration, ss rAAV vector genomes convert into a variety of different double-stranded (ds) forms including supercoiled ds circular monomers, ds linear monomers, circular and linear concatemers, and integrated proviral forms (21, 23, 26, 31) ; (iv) vector genome concatemerization occurs through intermolecular recombination of ds linear monomer intermediates, not through recombination between circular genomes or through self-amplification (25; H. Nakai et al., unpublished results); (v) ds linear monomer genomes appear to be the intermediate form most responsible for host chromosomal integration events (Nakai et al., unpublished results); and (vi) the majority of stable vector genomes exist as extrachromosomal forms, which are primarily responsible for stable hepatocyte transduction (26) .
At doses of ϳ10 11 vector genomes (vg) per mouse, therapeutic levels of transgene expression were achieved in most of the experimental settings with various murine disease models (8, 14, (29) (30) (31) 34) . However, the proportion of hepatocytes stably transduced at these doses is only about 5% (6, 24, 30, 31) . Given that stable transduction is restricted to a small subpopulation of hepatocytes with many vector genomes (21, 30) , even though all hepatocytes are initially infected (19) , the relationship between vector dose and transgene expression in hepatocytes in vivo might not be straightforward. Whether the number of transduced hepatocytes and/or transgene expression, or the proportion of integrated rAAV vector genomes, increases in proportion to dose escalation has not been carefully examined.
The aim of the present study was to thoroughly characterize vector dose response in rAAV transduction in the liver and elucidate the underlying molecular mechanisms. By injecting mice with different doses of a liver-specific promoter-driven human coagulation factor IX (hF.IX) rAAV vector, a ubiquitous endogenous promoter-driven hF.IX vector, and a ␤-galactosidase (␤-Gal)-expressing marker vector, we find a 2-log range of linearity between vector doses and levels of transgene expression, a good correlation between numbers of transduced hepatocytes and levels of transgene expression, and differential saturation of vector genomes and transgene expression at very high doses. These results may have important implications for defining effective vector doses for clinical applications and understanding the mechanisms of rAAV transduction in the liver.
MATERIALS AND METHODS
Construction of rAAV vectors. All the rAAV vectors used in the present study were AAV serotype 2-based vectors. Construction and production of AAV-EF1␣-F.IX and AAV-EF1␣-nlsLacZ were described elsewhere (22, 24) . AAVhF.IX16, which is now being used for a human clinical trial, is the same as AAV-CM1 (26) , except that AAV-hF.IX16 was produced with a vector plasmid with a different plasmid backbone sequence. Briefly, AAV-hF.IX16 carried a liver-specific promoter (the apolipoprotein E hepatic locus control region-human ␣1-antitrypsin gene promoter [20] ), the hF.IX minigene (containing a 1.4-kb DNA fragment of the first intron from the hF.IX gene), and the bovine growth hormone polyadenylation signal [poly(A)]; AAV-EF1␣-F.IX had the human elongation factor 1␣ (EF1␣) enhancer-promoter, hF.IX cDNA, and the human growth hormone poly(A); and AAV-EF1␣-nlsLacZ harbored the EF1␣ enhancer-promoter, the bacterial lacZ gene with a nuclear localizing signal, and the simian virus 40 poly(A). All the vectors were produced by the triple transfection method (18) . AAV-EF1␣-F.IX and AAV-EF1␣-nlsLacZ were purified with a cesium chloride gradient as previously described (3), while AAV-hF.IX16 was purified by heparin column chromatography in the vector core facility at Avigen, Inc. The physical particle titers were determined by a quantitative dot blot assay (17) .
Animal procedure. Six-to eight-week-old female C57BL/6 and male C57BL/6 rag-1 mice were purchased from the Jackson Laboratory (Bar Harbor, Maine). The portal vein injection and surgical two-thirds partial hepatectomy were performed as previously described (15, 22) . Blood samples were collected from the retro-orbital plexus. All the animal experiments were performed according to the guidelines for animal care at Stanford University.
Protein analysis. hF.IX levels in mouse plasma were determined by an enzyme-linked immunosorbent assay (ELISA) specific for hF.IX (22) . The detection limit of the ELISA was 2 ng/ml. Total liver proteins were extracted as previously described, and expression levels of ␤-Gal in rAAV-transduced mouse livers were determined with a ␤-Gal ELISA kit (Roche Molecular Biochemicals, Indianapolis, Ind.) (24) . The ␤-Gal levels were normalized with the total protein concentration determined by the Lowry assay with a DC protein assay kit (BioRad, Hercules, Calif.) and shown as picograms of ␤-Gal per milligram of protein.
Histological analysis. Pieces of mouse liver lobes were embedded in TissueTek Optimal Cutting Temperature compound (Sakura Finetek USA, Inc., Torrance, Calif.) and frozen on dry ice. Ten-micrometer-thick sections were cut, fixed with 1.25% glutaraldehyde, stained with 5-bromo-4-chloro-3-indolylphosphate (X-Gal) as described previously (15) , and counterstained with light hematoxylin. To determine transduction efficiency, at least 2,000 nuclei per section were examined for ␤-Gal expression from each animal.
DNA analysis. Extraction of total genomic DNA from mouse livers, Southern blot analysis, and densitometric analysis of the blots were performed as previously described (23) , to determine vector genome number per diploid genomic equivalent (vg/dge) and analyze vector forms in transduced mouse livers. The vector genome copy number standards were prepared by adding an equivalent number of corresponding plasmid molecules to 20 g of total DNA extracted from naive mouse liver. "Net" vector copy number per hepatocyte represents the number of vector genomes per transduced hepatocyte and is calculated based on a presumption that vector genomes in the liver are carried only by transduced hepatocytes (21, 30) . Plasma hF.IX levels were undetectable by ELISA over a 10-week period at doses below 3.7 ϫ 10 9 vg/mouse. Above this dose and up to 3.0 ϫ 10 11 vg/mouse, log/log plotting of vector doses and hF.IX levels exhibited linearity with regression coefficients (r) of 0.996 (2 weeks postinjection) and 0.998 (10 weeks postinjection) (Fig. 1 ). Since the slopes (log y/log x) of the log/log fit vector dose-response curves between 3.7 ϫ 10 9 and 3.0 ϫ 10 11 vg/mouse were close to 1.0, i.e., 1.159 (2 weeks postinjection) and 1.127 (10 weeks postinjection), hF.IX levels were linearly related to given vector doses within this dose range.
RESULTS
Nonproportional rAAV vector-dose response at doses of greater than 3.0 ؋ 10 11 vg/mouse. In the mice injected with AAV-hF.IX16, a small increase in hF.IX levels was observed between 3 ϫ 10 11 and 1.8 ϫ 10 12 vg/mouse, but this was not proportional to the sixfold difference between doses ( Fig. 1 and Table 1 ). In addition, at doses above 1.8 ϫ 10 12 vg/mouse, no significant increase was observed for plasma hF.IX levels, which reached a plateau level at approximately 40 g/ml (Table 1). To confirm these results, a second dose-response study was performed with an independent hF.IX vector, AAV-EF1␣-F.IX. In addition, in order to be able to evaluate both the number of transduced hepatocytes as a function of dose and the absolute amount of transgene product, the AAV-EF1␣-nlsLacZ vector was used. The dose ranges were between 5.0 ϫ 10 10 and 7.2 ϫ 10 12 and between 5.0 ϫ 10 10 and 3.9 ϫ 10 12 vg/mouse for the AAV-EF1␣-F.IX and AAV-EF1␣-nlsLacZ vectors, respectively. The results are summarized in Tables 2 and 3 .
As was observed with the AAV-hF.IX16-injected mice, the levels of transgene expression after AAV-EF1␣-F.IX or AAV-EF1␣-nlsLacZ injection were proportional (or slightly more than expected from a linear dose response) to doses between 5.0 ϫ 10 10 and 3.0 ϫ 10 11 vg/mouse, while at doses of 3.0 ϫ 10 11 vg/mouse or higher the increases in gene expression with dose were not proportional and were less than expected from a linear dose response (Tables 2 and 3) . Importantly, the AAV-EF1␣-nlsLacZ experiment demonstrated that the levels of transgene expression and the numbers of ␤-galactosidase-positive cells correlated with each other as we have seen before (24) and the number of transduced cells also increased in proportion to increasing dose between 5.0 ϫ 10 10 and 3.0 ϫ 10 11 vg/mouse, i.e., from 0.6 to 3.0% (Table 3) . However, the proportion of stably transduced hepatocytes at 1.8 and 3.9 ϫ 10 12 vg/mouse (saturation doses based on the results from two independent experiments with hF.IX-expressing rAAV vectors [see Tables 1 and 2 ]), was only 7 to 9% ( Table 3 ), indicating that there is likely an upper limit to the number of hepatocytes capable of being transduced.
The dose-response curves of rAAV transduction do not correlate with the number of rAAV genomes in the liver at doses above 3.0 ؋ 10 11 vg/mouse. To investigate the molecular basis of vector dose response of rAAV transduction in the liver, we determined vector copy numbers per hepatocyte at each given vector dose by Southern blot analysis. The results are summarized in Tables 1, 2 , and 3. Unless otherwise stated, vector copy number per cell or hepatocyte represents an average number of vector genomes in a cell among all the transduced and nontransduced cells in the liver. The net copy number reflects the presumed number of vector genomes in a transduced hepatocyte calculated based on the actual transduction efficiency (i.e., percentage of transduced hepatocytes). Unlike the profile of transgene expression, which started to vary off the linear dose-response curve at 3 ϫ 10 11 vg/mouse, vector genome copy numbers increased proportionally up to 1.8 ϫ 10
12 vg/mouse. At doses above 1.8 ϫ 10
12 vg/mouse, the increase in vector copy numbers per hepatocyte was no longer proportional to the increase in the vector dose. Thus, saturation of the capacity of a hepatocyte to take up or maintain vector could explain the saturation phenomenon at doses above 1.8 ϫ 10 12 vg/mouse, but it does not account for the nonlinear increase in transgene expression observed between 3 ϫ 10 11 and 1.8 ϫ 10 12 vg/ mouse.
Southern blot analysis of vector genome DNA with an enzyme that does not cut within the vector genome revealed that the proportion of concatemers relative to supercoiled circular monomer genomes was increased at high doses compared to that at lower doses (Fig. 2) . This observation is consistent with the restricted increases in the number of transduced hepatocytes at high doses. In addition, in the experiment using AAV-EF1␣-nlsLacZ, presumed average net vector copy number per hepatocyte increased with dose from 40 vg/hepatocyte (5.0 ϫ 10 10 vg/mouse) to 196 vg/hepatocyte (1.8 ϫ 10 12 vg/mouse) while the average rate of ␤-Gal production per hepatocyte remained similar among the doses (Table 3) . This suggests that, at higher doses of vector, the functionality of rAAV vector genomes was somehow decreased.
High-dose rAAV injection does not promote vector genome integration in the liver. In vivo rAAV vector integration in the liver has been definitively established in a number of different studies (5, 21, 23, 26) . Although the frequency of in vivo rAAV genome integration in the liver is low and a majority of vector genomes remain as extrachromosomal forms (26), rAAV integration in the liver has raised concern since the development of liver cancer was reported in one study in which rAAV vector was used to treat neonatal mucopolysaccharidosis type VII in mice (9) . Although the mechanism of tumor formation in these mice is not known, the demonstration of low vector copy numbers in the tumors makes insertional mutagenesis unlikely in this case. Nonetheless, to investigate whether higher-dose vector injection promotes rAAV vector integration, we performed a two-thirds partial hepatectomy in the mice injected with AAV-hF.IX16, AAV-EF1␣-F.IX, and AAV-EF1␣-nlsLacZ at 14, 31, and 28 weeks postinjection, respectively. The decrease in the levels of transgene expression and vector genome copy numbers per cell was evaluated before and after hepatectomy. As summarized in Tables 1, 2 , and 3, both hF.IX levels and vector copy numbers substantially dropped to levels previously observed (26) , indicating that the majority of the vector genomes were extrachromosomal and that integration frequency relative to a given vector dose did not change even when higher doses of rAAV vector were administered.
In conclusion, our results demonstrated a 2-log-range linear dose response of rAAV transduction evaluated by both transgene expression and number of transduced hepatocytes. Efficiency of rAAV transduction correlated well with vector copy numbers per cell within this linear range. However, at very high doses, the increase in rAAV transduction and vector genome copy numbers were not concordant, there was an increased proportion of concatemers relative to circular monomer genomes, and liver transduction was still restricted to a small subset of hepatocytes. In addition, we also demonstrated that the relative integration frequency remained low even at high doses.
DISCUSSION
Our study defined a 2-log linear dose response of rAAV transduction in mouse liver. The highest dose in this linear range was 3.0 ϫ 10 11 vg/mouse, and assuming that the average weight of a 6-to 8-week-old animal is 20 g, the 2-log linear dose range is between 1.9 ϫ 10 11 and 1.5 ϫ 10 13 vg/kg of body weight. Interestingly, we demonstrated a nonlinear dose response at higher vector doses, indicating that saturation of rAAV transduction could occur.
Although transduction efficiency of mouse hepatocytes with rAAV vectors in vivo at doses of ϳ10 11 vg/mouse varies among studies, it is rarely more than ϳ10%. Our study suggested that the number of hepatocytes capable of establishing stable transduction was limited to at most ϳ10%, and the remaining ϳ90% of hepatocytes, though capable of taking up vector genomes at these doses (19) , were refractive to stable transduction even when extremely high doses of rAAV vector were administered. Given the large number of vector genomes contained within a small number of stably transduced hepatocytes (70 to 390 copies per cell) (21, 31) , transduction may be limited to a small population of hepatocytes that have a specific metabolic state (19) . If the protein production and secretion per hepatocyte reach capacity, further increases in gene expression may not be possible even if there are additional vector genomes per cell. This in part may limit the linear range of the dose response. Alternatively, since repeat-induced gene silencing has been shown previously for transgenic animals (12), a larger proportion of concatemers observed at high doses may cause a relative decrease in transgene transcription, resulting in a nonlinear dose response. The extent of intermolecular recombination or joining of rAAV genomes to form concatemers is likely to depend upon the number of vector genomes in a hepatocyte; however, concatemerization might be actively promoted under certain cellular conditions. It has been proposed elsewhere that repeat-induced gene silencing may serve as a host defensive mechanism against a large number of incoming exogenous viruses (7, 28) . Whether this is involved during the process of rAAV vector transduction is not known.
Nonetheless, when administration of a high dose of rAAV vector is considered, simply increasing vector dose is unlikely to linearly increase the number of stably transduced hepatocytes or transgene expression by present rAAV vector systems. One possible strategy to overcome the limited rAAV transduction in the liver is to inject multiple smaller doses at staggered intervals. We have previously found that administration of two different vectors several weeks apart results in the transduction of different populations of hepatocytes, suggesting that there is a changing subpopulation of hepatocytes permissive to transduction (19) . This together with the data presented here suggests that splitting a vector dose into multiple subdoses might result in higher levels of gene expression than can be achieved from a single injection. The use of alternate serotyped vectors that may not cross-react with antibodies against AAV serotype 2 (27) may allow for repeated administration of rAAV vectors into the same subject.
If silencing of concatemers is a real event, a second strategy might be to find a means to drive the ds genomes into nonconcatemeric structures. Our recent study suggests that linear ds DNA forms are responsible for concatemer formation (Nakai et al., unpublished). Thus, if the ds molecules could be driven to form monomer circles, which are known not to form concatemers (Nakai et al., unpublished), perhaps higher levels of transgene expression could be achieved.
We have previously proposed that ds rAAV genomes responsible for stable transduction in vivo are primarily formed by annealing of complementary plus and minus ss rAAV vector genomes (25) , rather than by second-strand synthesis (10, 11) . Several of our previous studies supported this model for rAAV transduction in the liver (25) . In our present study, we observed a linear dose response, which could be easily explained by the second-strand synthesis model. This led us to consider whether the annealing model is also viable with the observed 2-log-range linear dose response. To address this issue, we evaluated the model in mathematical terms. For simplicity, we made the assumption that all hepatocytes that establish stable transduction receive equal numbers of ss rAAV genomes and also that second-strand synthesis or annealing occurs with maximum efficiency. A ds monomer genome can be formed either by annealing of two complementary plus and minus parental ss genomes or by second-strand synthesis from one parental ss genome, depending on which model is under consideration. In the following equations, we defined a transduction unit as an amount of transgene product generated from one ds rAAV monomer genome in a cell.
In the second-strand synthesis model, a hepatocyte with n parental ss vector copies can generate n copies of ds rAAV genomes by leading-strand synthesis; therefore, it can produce n units of protein, i.e., the amount of protein per hepatocyte with n parental ss genomes ϭ f 1 (n) ϭ n (units).
In the annealing model, supposing that a hepatocyte takes up a total of n copies of plus and minus parental ss genomes randomly (n is an even number in this case), a hepatocyte with n parental ss vector genomes in theory can produce f 2 (n) units of protein, i.e.: (Fig. 3) . Therefore, our observation of linear dose response in rAAV transduction is not inconsistent with our previous finding that annealing of vector genomes is responsible for the formation of stable ds rAAV vector genomes. FIG. 3 . Theoretical dose-response curves in a second-strand synthesis model and an annealing model, in such a situation that all incoming ss genomes are utilized for stable transduction in a most efficient manner. Representative values (n ϭ 0, 2, 4, 10, 20, and 40; n represents the number of parental ss vector genomes in a hepatocyte) are plotted. A transduction unit is defined as an amount of transgene product in a cell which can be produced from one ds rAAV genome. The regression curve for the annealing model in this graph is f 2 (n) ϭ Ϫ0.049 ϩ 0.413n (r ϭ 0.999), and therefore f 2 (n) is increased in proportion to n.
In summary, our present study revealed a dose-response profile in rAAV-mediated liver transduction and confirmed low integration frequency and restricted transduction even after administration of high vector doses. We still do not know which episomal forms (supercoiled ds circular monomers versus episomal circular and/or linear concatemers) are primarily responsible for stable liver-directed gene expression; however, our present results are not inconsistent with our present hypothesis that circular monomer genomes, not concatemers, are the major source of transgene expression. Further analysis of transgene expression from different episomal vector forms should provide greater insights into the mechanisms underlying stable rAAV transduction in the liver.
